Introduction: An important outstanding issue in Mars hydrology concerns the relative contributions of surface runoff and groundwater flow to valley network formation. Here we suggest a broad first-order dynamical history of these two processes on early Mars, supported by morphological and age constraints, and placed in the context of recent results from the Mars Express OMEGA instrument and the Mars Exploration Rover Opportunity (MER-B).
gest that surface water was at least locally stable for periods long enough to form layered sedimentary structures [4] . These conditions may require at least an episodically warm regional climate, which we adopt as our first choice of starting point in our fluvial evolution hypothesis. We suggest that precipitation resulted in the incision of dense Noachian valley networks through both groundwater and runoff processes (precipitation is an important prerequisite for groundwater-sapping [5] Basal melting would likely occur only in regions of concentrated precipitation and anomalously high heat flux, such as the Tharsis rise [9] . Such regions would not necessarily be limited to higher latitudes: high planetary obliquities might have promoted low latitude precipitation [10, 11] . In the early Hesperian, declining geothermal heat fluxes stimulated the growth of a thick cryosphere, setting the stage for localized cryosphere disruption and the development of the outflow channels. Cold Early Climate: In the alternative case of a predominantly cold climate like that of the present, our hypothesis begins with basal melting of thin ice sheets in the Noachian [12] . Low latitude precipitation may, as before, be expected at high obliquities. We suggest that the combination of high early geothermal heat flux and atmospheric volatile content provided sufficient infiltration and surface runoff for the development of dense valley networks. Subsequent atmospheric loss favored infiltration, leading to sparse valley network formation.
Support: An example of decreasing surface runoff with time may be found in Margaritifer Sinus and the convergence in this region of Nirgal Valles (sparse) and the Samara and Parana-Loire Valles (dense). While the dense networks display some influence from groundwater sapping, they have relatively high drainage densities and tributaries that head near drainage divides [13] , suggesting an important role for surface runoff, a conclusion reached also by analysis of drainage basin circularity [14] . A move toward groundwater-dominated erosion is indicated by late stage flow in Nirgal Valles which may have contributed to the final stages of fluvial activity in the region [13] .
Weakening of surface runoff with time is demonstrated southeast of Echus Chasma [15] where very dense dendritic valley networks are truncated by younger tributary canyons controlled by groundwater sapping (Figure 1c) . Although the valleys have been considered to be contemporaneous or younger than Echus Chasma [15] , they are unlikely to be younger than the canyon tributaries at which they terminate, since these canyons exhibit no signs of fluvial activity related to the valley networks.
The evolution of erosive modes in this region occurred in the late Hesperian [15] , after the transition in other parts of the planet. The proximity of Echus Chasma to Tharsis suggests that enhanced geothermal heat and precipitation [9] increased the rate of Hesperian basal melting in this region, delaying the cessation of fluvial erosion. Following the final period of surface runoff, however, reduced basal melting was sufficient to produce groundwater-controlled morphology only, and the tributary canyons formed. The presence of basal melting near Echus Chasma is consistent with Hesperian aquifer recharge at Tharsis described in other work [9, 16] .
Atacama Desert Analog: A terrestrial analog to our fluvial evolution hypothesis may be found in the Atacama desert where a period of climate change 10 Myr ago caused the West Cordillera Mountains to become arid. Pre-existing parallel drainage networks produced by direct precipitation and runoff gave way to deep groundwater-sapping valleys with theatre-like headward regions [17] , producing a fluvial landscape closely resembling that of the Echus Chasma plains (Figure 1d ).
Recent Observations: OMEGA data, which now cover some 75% of the Martian surface, show evidence of phyllosilicates and sulfates. Phyllosilicates are seen in outcrops (and bedrock ejected by cratering) formed during the early Noachian [18] , while sulfates are attributed a younger age: Noachian and/or Hesperian [19] . Phyllosilicate production likely required contact with liquid water for significant time periods [18] , suggesting an (episodically) active hydrologic system of the sort required for the initial, runoffinfluenced stage of our fluvial evolution hypothesis. Sulfates, however, can form in shorter time periods. Also, kieserite (one of the more abundant sulfates observed) is unlikely to survive multiple hydration and desiccation cycles [19] . Thus, sulfates may have formed in the context of a less active hydrologic cycle similar to that of the groundwater-dominated endmember of our fluvial evolution hypothesis. Furthermore, the long-term influence of shallow groundwater implied by the MER-B stratigraphic observations at Endurance crater in Meridiani Planum [20] support the central role of groundwater in our hypothesis.
